It has been shown that with increased flow, the artery dilates and with decreased flow constricts. Kamiya and Haemodynamlc forces are important modulators of Togawa 2 suggested that arteries adapt to increased vascular structure. Changes in blood flow have been flow by enlargement to stabilise their elevated wall shown to alter arterial diameter and wall structureY shear stress to a certain constant level (1-2 N/mR). As In nahve vessels, mtraluminal pressure regulates wall the artery adapts to increased flow, it remodels. This thickness through its effects on wall tension, 3 and remodelling is necessary for complete arterial adblood flow regulates vessel diameter through changes aptatlon to the new haemodynamic con&tions and in wall shear stress. 5 Our previous work showed the probably includes structural and physiologic changes. importance of increased blood flow and wall shear We have shown previously that arteries which have stress normalisation in the process of arterial wall enlarged in response to high flow and are then exposed remodelling. 6-8 Arteries enlarge in response to in-to reduced or normal flow conditions, develop intimal creased blood flow in order to reduce wall shear stress, thickening within 1 week. 1° High blood flow and wall shear stress promote arterial
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To understand the effect of sequential increases and remodelling without mtimal thickening, while de-decreases in blood flow we utilised an arteriovenous creased blood flow and low wall shear stress are fistula (AVF)model in which we could induce large thought to be important factors promoting arterial changes in blood flow. intimal thickening. 9 However, it is still unknown whether sequential increases and decreases in blood 
established through the fistula by releasing the vas- Fig. 1 . Schematic illustrations for the artenovenous fistula opercular clamps. The incision was closed in layers, and atlon, the segment used and the cross sectional hlstologlc vmw of the animals were allowed to recover To protect the the Rabbit common carotid artery (a) Scheme of artenovenous operated rabbits from refection, cifamezin (30 mg/ fistula Segment of left common carotid artery examined morphologically [11] (b) Scheme of cross-section of common carotid kg) and streptomycin sulfate (60 gm/kg) were used artery for hmtometry CL circumference length of arterial lumen topically at time of operation. Animals were housed CIEL circumference length of internal elastic lamina individually and cared for in accordance with the Japanese Commumty Standard on the care and use of proximal from the thyroid artery branch (Fig la) at the laboratory animals, all time points.
Blood flow Experimental design
At all time points, blood flow rate of the left carotid Seven experimental groups were utilised (Table 1) . artery was measued: before AVF creation, imme&ately after the creation, before AVF closure, and immediately There were non-operated controls (n = 4) and sham-after AVF closure with an electromagnetic flow meter operated controls (n =3). In the sham group the AVF (Nihon Kohden Co., Japan) at the same standard locwas immediately closed by a clip prior to flow return ation as the macroscopic photographs. and repeated three times over the complete time period.
Harvesting of left common carotid arteries
Prior to sacrifice, the carotid artery diameter and blood
In sttu outer &ameter flow rate was measured again. A laparotomy was performed and the abdominal aorta below the renal To measure m sltu arterial outer diameter, preoperative arterial branches was cannulated with a sheath cath-35 mm macroscopic photographs of the left carotid eter Ammals were sacrificed with injection of pentoarteries were taken at a standard location 1.0-1.5 cm barbital solution (50 mg/kg). Arteries were pressure perfused fixed with 3% glutaraldehyde solution Reynolds number was calculated using the equation: (pH 7.4) m phosphate buffer via the catheter for 30 rain Reynolds number = 1.054 x 2r x U/0.03, where r (cm) at 20 °C under the pressure of 100 mmHg. 6 was radius and U was mean blood flow velocity, using 0.03 poise for blood viscosity and 1.054 g/cm 3 for blood specific gravity. *-s' 12"13 Entrance length (cm) was calculated using the
Preparation of left co~nmon carotid artery
following equation: entrance length = 0.03 x 2r x Reynolds number, where 0.03 was an experimentally deAfter the artery was dissected freely, a segment of the term±ned constant, r (cm) was radius. 6-s' 12' 13 left carotid artery (1.0 cm) taken from the portion Assuming laminar blood flow, wall shear stress in proximal to the thyroid artery branch was processed Newton per square meter (N/m R ) was calculated using for histologic and ultrastructural analysis (Fig. la) . the Poiseuille formula: wall shear stress=4~tBFR/ Specimens for histology were dehydrated with alcohol 60/~r 2) where ~t was the blood viscosity (taken to be and embedded in paraffin in standard fashion. Haema-0.03 poise), BFR was blood flow rate and r was the toxyhn and eosin and Elastlca Masson's tnchrome lumen radius. 2' 6-8' 1°' 11 stains were made using 5 ~tm thick sections. Specimens for scanning electron microscopy (SEM) were dehydrated with alcohol and dried with critical point technique. After undergoing trimming, mounting on
Statistical evaluatmn
the table, and coating with gold-platinum, they were observed with SEM (JSM-5200, JEOL Co., Japan). For transmission electron microscopy (TEM) specimens Results were expressed as mean ± S.D. Differences of were dehydrated and embedded in similar fashion, these values were considered significant when risk Ultrathin sections were made, stained with lead citrata factor obtained by the analysis of varmnce (Flsher's and uranyl acetate in standard fashion, and observed PLSD) was within 5%. with TEM (LEM2000, Topcon Co., Japan). 6
Results

Hlstometry
Blood flow
Histometry was performed using Elastica Masson's trichrome stained cross-sectional histological sections Sigmficant multiple blood flow alterations were suc-(one section in one case). Using a 50 x magnified cessfully achieved (Table 2 and Fig. 2 ). Blood flow rate Profile projector (Nikon V-16, Nikon Co., Japan), con-increased immediately after the first AVF creation tours of the circumferential length of lumen (CL)and and was 2.6-fold as much as control. It increased circumferential length of internal elastic lamina (CIEL) significantly (7.5-fold) after 4 weeks (0.5 cycles). After were obtained with computer digit±set (Cosmozone-the AVF was closed with a clip, blood flow reduced 1, Nikon Co., Japan) (Fig. lb) . The artery was assumed sxgnificantly, and 6 weeks later (1.0 cycle) it returned tubular, thus assumed lumen radius (r) and cross to control values (20.8 ± 5.7 ml/min). Similar findings sectional area of lntima (CSA) were calculated as fol-occurred during the subsequent cycles of flow changes. 
Haemodynamic parameters
nificantly (3.8 ± 0.1 mm compared to 2.1 + 0.2 mm before AVF; p<0.05). In 1.0 cycle, it decreased sigmficantly Mean blood flow velocity (U: cm/sec) was calculated (3.2+0.3 mm) as compared to 0.5 cycles (p<0.05), but using the formula: U = (BFR)/60/rr 2, where BFR was was still larger than control (p<0.05). Similar findings blood flow rate and r (cm) was radius, occurred in the next two cycles (Fig. 3) .
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Lumen diameter of the left carotid artery obtained by "6" ~ histometry showed similar changes to outer diameter 600 (Table 2 and Fig 3) . Lumen diameter at 1.0, 2.0 and "~ 500 /I) 5-cycle 2. Reynolds numbers were 650-911 (Table 2) , which were Morphologzcal changes 5f, 5h). In the 2.5 cycles group, however, the two strata of intimal thickening created at 2.0 cycles remained. Microscopically, the left carotid artery underwent vast Disorientation of the smooth muscle cells and dechanges in response to increased and decreased flow. pressed areas with short, narrow endothelial cells After 4 weeks of increased flow (0.5 cycles), the lumen appeared after 2.5 cycles (Fig. 4g, Fig. 5g ) similar to surface showed many depressed areas where the in-the 1.5 cycles group. ternal elastic lamina appeared disrupted and endoThere were no significantly arterial stucture changes thelial cells were preserved (Fig. 4c, 5c ). Around these in sham-operated control arteries. depressed areas, smooth muscle cells beneath the endothelial cells lost their original arrangements (Fig.  4c) . The endothelial cells were narrow, fusiform,
Cross-sectional area of intima
spindle shaped and elongated with expanded nuclei inside these areas of disruption, while cells outside After 1.0 cycle CSA was 0.3_+0.1 mm 2. It was unthese areas were long and narrow. There was no changed after 1.5 cycles. After 2.0 and 3.0 cycles, it intimal thickening detected.
continued to increase. It was 3.1-fold larger after 2.0 A clear and remarkable intimal thickening (I1) oc-cycles than 1.0 cycle, and 5.8-fold larger after 3.0 cycles curred in the left carotid artery after 1.0 cycle of blood flow alteration (Fig. 4d) . This intimal thickening than 1.0 cycle. It was 2.0-fold larger after 3.0 cycles consisted of smooth muscle cells, which were parallel than that after 2.0 cycles (Table 3) . to the vessel axis and surrounded with well developed collagen and elastic fibres. Disrupted internal elastic lamina continued beneath the intimal thickening. The Discussion lumen surface was flat and endothelial cells were preserved appearing short and wide, almost hexagonal This experiment, like our previous flow varying exwith flat nuclei (Fig. 5d) . Depressed areas were not periments, succeeded in proving that low blood flow detected after 1.0 cycle, and therefore wall shear stress is important for the After the left carotid artery underwent 1 5 cycles induction of intimal thickening. We previously have flow alteration, the lumen surface showed many de-shown that after 4 weeks of extensive arterial repressed areas with preserved endothelial cells (Fig. 4e , modelling in response to increased blood flow and Fig. 5e ), which were similar to those at 0.5 cycles, wall shear stress, the artery challenged with sudden Intlmal thickening found at 1.0 cycle was still observed decreased flow results in intlmal thickening. 1° We (Fig. 4e) . Smooth muscle cells beneath the endothelial showed this at multiple time points (3, 6, and 26 weeks) cells were altered their arrangement in and around of decreased flow after prior arterial enlargement the depressed areas In this experiment, an AVF was once again created Two strata and three strata of intimal thickening between the left carotid artery and the corresponding (I2 and I3; which were conveniently numbered from external jugular vein in rabbits to appreciate changes media to lumen) were observed respectively (Fig 4f, in arterial wall remodelling with multiple increases 4h) after 2.0 cycles and 3.0 cycles of flow alteration, and decreases in blood flow over multiple time points. Since there appeared some smooth muscle cell layers This experiment not only reconfirmed the dewhich showed a different arrangement (oblique to the velopment of intimal thickening in our model, but vessel axis) from other portions (mostly parallel to the showed that after successive blood flow variations in vessel axis), two strata and three strata of intimal the same artery, the intimal thickening is actually thickening were differentiated histologically and ultra-progressive and accumulates in the artery. structurally (Fig. 4f, 4h, Fig. 6 ). As at 1.0 cycle, lumen
With high blood flow and elevated wall shear stress surface was flat covered with short, wide, and almost (in the 0.5, 1.5 and 2.5 cycle groups), all arteries after hexagonal endothelial cells at 2.0 and 3.0 cycles ( 
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showed endothelial cell preservation, proliferation, on the surface of intact endothelial cells could be the and complete arterial wall remodelling, with no in-stimulus for this intimal thickening. timal thickening. In response to increased blood flow In our model of the experiment, by ligating the the endothelial cell morphology changed as they be-fistula 4 weeks after increased flow, we subjected the came fusiform, protruded, spindle-shaped and elong-left carotid artery to sudden low wall shear stress levels ated with expanded nuclei. It is well appreciated that since the artery had fully enlarged and remodelled in this structural remodelhng to increased flow is endo-response to the increased flow. In the environment of thelial cell dependent. 6-8 Kohler et a]. 14 demonstrated low blood flow and wall shear stress, the artery atthat increased blood flow inhibits neointlmal hyper-tempts to reduce its lumen radius in attempt to increase plasla in endothelialised vascular grafts in baboon, the wall shear stress in the area to restore wall shear They found that the primary effect of increased flow stress to normal level. This may provide one potential was to reduce smooth muscle cells number without explanation for the lntimal thickening development. affecting the matrix. It is possible that the endothelium Another potential explanation for intimal thickening under high blood flow conditions might express in-could be injury. Intimal thickening of the artery could hibitors of smooth muscle cell growth so as to inhibit be induced experimentally by ballooning denudation lntimal thickening. Growth inhibitors like nitric oxide-of endothelial cells, 19-2"-high cholesterol diet, :3'24 and generating vasodilators which are released from endo-mjury to the artery, 25-28 etc. Intimal thickening m these thelial cells in response to increased wall shear injury models could be explained by the loss of endostress, 15'6 may directly inhibit smooth muscle cell thelial cells. But with intact endothehal cell docugrowth. 17 Mattsson et alJ 8 observed high blood flow mented at all time points throughout the experiment, increased endothelial constitutive nitric oxide synthase we are confident that our model is an unique nonexpression and atrophy of neointima in rigid vascular injury model of intimal thickening. grafts. Thus, elevated shear stress can cause vessel
The role of blood flow and wall shear stress changes wall atrophy and this process may be mediated by on arterial remodelling and intimal thickening is relnitric oxide, atively unknown. The endothelium probably plays a In contrast, after high blood flow was restored to regulatory role in the adaptation of wall structure to normal by AVF ligation after 6 weeks (1.0 cycle), altered low wall shear stress, since it, rather than the intimal thickening occurred in the segment proximal smooth muscle cells in the media, is in contact with to the thyroid artery branch where low wall shear the blood flow. Thus it may transduce the physical stress was calculated (0.42+0.17N/m2). To confirm stimulus of low wall shear stress as evident by their this further and ascertain the potential progressive morphologic changes (fiat, wide, round or hexagonal). nature of the intimal thickening, 2.0 and 3.0 cycles of Many studxes in vitro have indicated that under no or blood flow alterations were performed. After 2.0 cycles low fluid shear stress endothelial cells became short and 3.0 cycles were completed, new intimal thickening and wide, almost hexagonal. 29-3I appeared and wall shear stress were found to be Low wall shear stress could influence smooth muscle subnormal again (0.23_+ 0.09 N/m 2 at 2.0 cycles and cell proliferation by moderating endothelial cell pro-0.22 + 0.08 N/m 2 at 3.0 cycles). It was discovered that duction of smooth muscle cell regulatory molecules. after 2.0 cycles, two strata of intimal thickening oc-Platelet-derived growth factor (PDGF), for example, curred, and after 3.0 cycles three strata of intimal is a mitogen, smooth muscle cell chemoattractant and thickening occurred. These were easily distinguished vasoconstrictor. 32 Recently in situ hybridisation techhistologically and ultrastructurally and measured by niques have localised PDGF-A chain to the endothe digitiser. Thus, we confirmed once again that de-thelium and to a lesser degree to the underlying creased blood flow and low wall shear stress after smooth muscle cells of the neointima, and PDGF previous arterial enlargement leads to intimal thick-mRNA has been detected in neointima and m smooth ening and this thickening is progressive in the one muscle cells cultured from Polytrafluoroethylene location we examined. It seems low wall shear stress grafts. 33' 34 There is a intimate relationship between intimal thickening and low wall shear stress. All these effects are considered to be mediated b y endothelial cells which sense changes in blood flow and wall shear stress and produce m a n y possible growth promoters and growth inhlbitors. Because the intimal thickening is structurally similar to early atherosclerotic plaques and m a y predispose the artery to atherosclerosls, further understanding of this regulation of proliferative response m a y yield insight into the mechanisms of atherosclerotic lesions. 
